Introduction {#s1}
============

When exotic species are introduced to new ranges, only a few species can establish populations and become invasive. Propagule pressure and the self-sustaining ability of species in adverse environments mainly influenced the establishment ([@B65]; [@B66]). In high-altitude and high-latitude regions, overwintering abilities and strategies are critical for the establishment, distribution, and spread of exotic species, especially for species that originated from habitats in warmer regions. Studies of the overwintering ability of species and factors that affect overwintering allow us to clarify the mechanisms of invasion and better control them.

Overwintering is the process by which some organisms pass through or wait out the winter season. During this period, organisms experience numerous kinds of abiotic (cold or sub-zero temperatures, frost, frost heave, ice, snow, low precipitation, drought) and biotic (limited food supplies, low-temperature fungi, and bacteria) stresses, making normal activity or even survival difficult or near impossible ([@B6]). Temperature is a limiting factor for survival, growth, and reproduction in plants and many animals ([@B68]; [@B10]). Low-temperature and freezing events in winter result in the invasion failure of many introduced exotic species or restrict the distribution ranges of species that have successfully invaded ([@B45]; [@B63]; [@B35]). Although climate warming causes exotic species to invade regions within which they could not survive before, extends their temporal and spatial distribution, and increases their performance ([@B62]; [@B25]; [@B63]; [@B11]; [@B12]; [@B56]), the ranges of some exotic species may also be reduced ([@B37]). In some ranges, precipitation was also low in winter, which leads to a decline in the water levels of lakes and rivers. Water level is an important factor affecting the growth and reproduction of aquatic plants in freshwater ecosystems ([@B9]; [@B26]; [@B14]; [@B54]; [@B69]; [@B71]). Moreover, water is usually considered to be a temperature buffer to prevent aquatic plants from direct damage by freezing in winter ([@B74]). Therefore, water level changes can also influence the overwintering of exotic species.

Nutrients are also another important abiotic factor affecting species growth, propagation, or colonization, and as one of the results of global changes that is driven by human activities and rapid economic growth, eutrophication has become increasing common and severe in water systems ([@B51]; [@B55]). Previous studies found that the relative growth rates, reproductive rates, photosynthetic rates, leaf nitrogen contents, and photosynthetic nitrogen-use efficiencies of aquatic exotic plants increase more intensively with increasing nutrient availability than those of native species ([@B70]; [@B18]). However, few studies have examined the effects of eutrophication on the overwintering of exotic plants. With the intensification of global change, water level fluctuation (e.g., floods and droughts) will become more intense and frequent, and eutrophication will also be more severe and widespread in freshwater ecosystems ([@B2]; [@B1]; [@B52]). Studies the effects of water level changes and eutrophication on the overwintering of exotic aquatic plants can help to predict and manage exotic aquatic plants.

One of the world's most prevalent invasive aquatic plants, *Eichhornia crassipes* (water hyacinth), is a free-floating and mat-forming aquatic plant that originates in tropical South America. Now, *E. crassipes* has invaded over 50 countries on five continents ([@B61]). It occurs in various freshwater ecosystems (estuaries, rivers, lakes, ponds, reservoirs, and canals); forms thick, extensive mats; and causes severe ecological and socio-economic changes in where it has invaded ([@B38]; [@B7]). *E. crassipes* reproduces both sexually and asexually. In invaded regions, it increases in population size mainly through vegetative reproduction, forming new ramets from axillary buds on stolons produced through the elongation of internodes ([@B8]). Sexual reproduction rarely occurs, owing to the lack of suitable pollinators and appropriate sites for germination and seedling establishment in invaded regions ([@B5]). Temperature and water nutrient levels are key factors that affect the invasion of *E. crassipes* ([@B67]). The optimal growth temperatures for water hyacinth are 28--30°C; growth stops if the water temperature falls below 10°C or rises above 40°C ([@B19]; [@B22]), and the plant dies when it experiences prolonged cold temperatures below 5°C ([@B22]; [@B44]). The edge of the distribution of *E. crassipes* occurs where the mean temperature in January is 1°C, the mean annual temperature is 13°C, and the average lowest temperature during the year is −3°C (Ueki et al., 1976). The distribution of *E. crassipes* is considered to be limited to tropical or subtropical regions because it cannot overwinter in environments with extreme cold temperatures or ice cover ([@B3]; [@B59]; [@B36]). However, some researchers have predicted that its distribution may expand into higher latitudes as temperatures rise ([@B50]; [@B25]; [@B46]). The growth and reproduction of *E. crassipes* are closely related to the nutrient level of water bodies ([@B47]; [@B48]; [@B72]). Some studies found that a high-nutrient supply can improve the photosynthetic capacity, resource-use efficiency, and competitiveness of *E. crassipes* ([@B49]; [@B18]). In addition, both the depth of the water and changes in water level are important in the growth of *E. crassipes* ([@B58]). For example, the results of study of [@B43] indicated the leaf area and growth rate of *E. crassipes* in shallow water were higher than those in deep water, while more roots were found in the latter. Moreover, some researchers have found fluctuations in water level promoted the invasion of *E. crassipes* ([@B20]; [@B58]).

*Eichhornia crassipes* was introduced into China as an ornamental plant in the early 1900s and is now widely distributed in 17 provinces or cities and causes severe damage in more than 10 provinces. In tropical China, water hyacinth can grow all year round. In subtropical regions, the plant dies back in winter and sprouts new plants from axillary buds on the stem base the following year ([@B21]). In the middle and lower reaches of the Yangtze River, the overwintering survival rate of water hyacinth is very low ([@B21]). However, we knew little about the overwintering mechanisms of water hyacinth ([@B74]; [@B34]). In order to test whether eutrophication and water level changes can facilitate the overwintering of *E. crassipes* as well as climate warming and found the reasons, we investigated the effects of nutrients and water drawdown on the overwintering of *E. crassipes*, at the northern margin of its distribution in China. We attempted to address the following questions: (i) Do high nutrient levels affect the performance of *E. crassipes*? (ii) Do different treatments lead to different overwintering temperatures of *E. crassipes*? (iii) Can high nutrient levels or water cover increase the overwintering survival rate of *E. crassipes*?

Materials and Methods {#s2}
=====================

Study Site {#s2_1}
----------

The experiment was conducted at The National Field Station of Freshwater Ecosystem of Liangzi Lake, Wuhan University, China (30°05′−30°18′N, 114°21′--114°39′E). Liangzi Lake is a shallow lake with an area of 304.3 km^2^ in the central reaches of the Yangtze River basin. The climate of this area is a typical subtropical climate. The average temperature in winter ranges from 3 to 7°C, which is the critical temperature for the overwintering of *E. crassipes*; therefore, Liangzi Lake is located at the northern margin of the *E. crassipes* distribution in China ([@B33]).

Experimental Design {#s2_2}
-------------------

In early July 2015, *E. crassipes* plants were collected from the bay of Liangzi Lake and cultivated in a 4 × 4 × 4-m concrete pool. Fifteen days later, 240 healthy plants of similar size (mean fresh biomass 63.56 ± 5 g, mean height 14.28 ± 3 cm, mean leaf number 12 ± 3) were transferred to 24 concrete pools (length: 2 m, width: 2 m, depth: 1.5 m) filled with approximately 10 cm of lake sediment (from Liangzi Lake, N:P = 2.35:0.014 mg/L) and 120 cm of water (from Liangzi Lake, N:P = 0.6:0.05 mg/L); each pool was planted with 10 plants. The whole experiment lasted about 35 weeks, from July 20, 2015, to April 12, 2016, and was divided into two stages ([**Figure 1**](#f1){ref-type="fig"}). During the first stage (growing stage, from the beginning of the experiment to December 1, 2015), the pools were divided into two treatments: low nutrients and high nutrients, and each nutrient level had 12 replicates (n = 12). During the second stage (overwintering stage, from December 2, 2015, to the end of the experiment), a water level factor was added to half of the pools in those two treatments until the experiment finished; there were therefore four treatments during this stage: 1-1: low nutrients and water drawdown; 1-2: low nutrients and a constant water level; 2-1: high nutrients and water drawdown; and 2-2: high nutrients and a constant water level. Each treatment had six replicates ([**Figure 1**](#f1){ref-type="fig"}).

![Diagram of the experimental design (the number following the "×" indicates the number of replicates. One plant in diagram represents 10).](fpls-10-01261-g001){#f1}

During the growing stage, in the high-nutrient treatment, we increased the total nitrogen (TN) and total phosphorus (TP) concentrations to 20 mg/L N and 1.0 mg/L P by adding KH~2~PO~4~, NH~4~NO~3~, and 10% Hoagland solutions to the lake water. In the low-nutrient treatment, only 10% Hoagland solution was added to the lake water. To maintain a relatively constant concentration of the culture solution, an appropriate amount of nutrients was added into relevant pools every half month after the nutrient level was measured. At the end of the growing stage, the temperature dropped with the onset of the yellowing of leaves, causing the plants to stop growing. Then, the experiment entered the second stage (overwintering stage). In the water-drawdown treatments, the water was drained (no water over sediment) by pump. In constant water level treatments, the water level was kept in line with that of the first stage. And the water levels of each treatment after rain were maintained by pumping. No nitrogen phosphorus fertilizer was added to each treatment during the second stages, because the plants have stopped growing. To study question (ii), do different treatments lead to different overwintering temperatures of *E. crassipes*? the temperature of the microenvironment in which the plants were located was monitored at 30-min intervals with four automatic thermometers during the overwintering stage. These thermometers were placed in four pools selected randomly from the four different treatments. In the water-drawdown treatments, the thermometer probes were placed closed to the stem base of the water hyacinth. In the treatments with a constant water level, the thermometer probes were placed in the surface layer of water (5 cm from the surface of the water) where the stem base of the water hyacinth was occurred.

Data Collection {#s2_3}
---------------

To answer question (i), do high nutrient levels affect the performance of *E. crassipes*? we counted the plants in each pool and harvested three plants randomly from each pool to measure the traits before winter at the end of the growing stage. The length and diameter of the stem base were measured with a Vernier caliper. The biomass of the plants and the stem base were obtained after drying plants in an oven at 70°C for 72 h to a constant weight. The soluble sugar and starch concentrations of the stem base were measured by the sulfuric acid anthrone colorimetric method described by [@B23]. The nitrogen and carbon concentrations of the stem base were analyzed by a FLASH 2000 Organic Elemental Analyzer (Thermo Fisher Scientific Inc., USA).

To answer question (iii), can high nutrient levels or water cover increase the overwintering survival rate of *E. crassipes*? we counted the number of surviving plants (with the original plant and its new ramets counted as one plant) approximately every 10 days from early March 2016 (when some plants began to regrow) to April 12, 2016 (when the weather became warm enough to ensure that all plants with survival potential survived successfully). In addition, we identified the plants with new green leaves as those that had survived. The final survival rate was calculated as the number of plants that had survived divided by the number of plants at the end of the growing stage.

Data Analysis {#s2_4}
-------------

To answer question (i), do high nutrient levels affect the performance of *E. crassipes*? One-way ANOVA was performed to examine the effects of nutrients on plant number, plant biomass, stem base biomass, stem base length, stem base diameter, and the soluble sugar concentration, starch concentration, carbon concentration, and nitrogen concentration in the stem base. To test question (ii), do different treatments lead to different overwintering temperatures of *E. crassipes*? the differences in the mean temperatures of the microenvironment in which the stem bases of the plants were located among the different treatments were also tested by one-way ANOVA. To answer question (iii), can high nutrient levels or water cover increase the overwintering survival rate of *E. crassipes*? number of plants after the winter was tested with a general linear model (Poisson distribution), which indicated that both the nutrient level and water level significantly impacted the number of surviving plants. Then, two-way ANOVA was used to test the impacts of nutrient level and water level in winter and their interaction effect on the survival rate and number of surviving plants after winter. The survival rate, length and weight of the stem base, number of plants before winter, and soluble sugar concentration of the stem base were transformed using the SQRT function to ensure the homogeneity of the variance or a normal distribution of the residuals before the analysis. All data were analyzed with SPSS 19.0 software (SPSS, Chicago, IL, USA).

Results {#s3}
=======

Growth Traits During the Growing Stage {#s3_1}
--------------------------------------

Nutrient addition significantly and positively affects the populations of *E. crassipes* and the performance of the overwintering stem base (question i). The number of *E. crassipes* plants in the high-nutrient treatments was higher than those in the low-nutrient treatments ([**Figure 2A**](#f2){ref-type="fig"}, F=219.227, P \< 0.001). Biomass of single plants in the high-nutrient treatments was also higher than those in the low-nutrient treatments ([**Figure 2B**](#f2){ref-type="fig"}, F = 19.625, P \< 0.001). The population of *E. crassipes* in the high-nutrient treatments covered the whole surface of the water and formed dense, interlocking mats; the mean density reached 152 ind/m^2^. However, in the low-nutrient treatments, weaker plants were scattered on the surface of the water, and the mean density of *E. crassipes* was 21.23 ind/m^2^. The biomass, length, and diameter of the stem base in the high-nutrient treatments were all higher than those in the low-nutrient treatments ([**Figures 2C--E**](#f2){ref-type="fig"}; F~biomass~ = 36.722, F~length\ =~38.491, F~diameter\ =~51.417; P~biomass~ \< 0.001, P~length~ \< 0.001, P~diameter~ \< 0.001). The high nutrient level also significantly increased the N concentration in the stem base ([**Figure 3A**](#f3){ref-type="fig"}, F = 13.562, P \< 0.01). But the C concentration, C/N ratio, and soluble sugar concentration in the low-nutrient treatments were higher than those in the high-nutrient treatments ([**Figures 3B--D**](#f3){ref-type="fig"}; F~C\ =~19.353, F~C/N\ =~21.358, F ~sugar~ = 26.571; P~C~ \< 0.001, P~C/N~ \< 0.001, P~sugar\ \<~0.001). There was no difference in the starch concentration between the high- and low-nutrient treatments ([**Figure 3E**](#f3){ref-type="fig"}, F = 0.002, P \> 0.05).

![Number **(A)**, biomass **(B)**, stem base biomass **(C)**, stem base length **(D)**, and stem base diameter **(E)** (mean ± SD) of *Eichhornia crassipes* under different nutrient treatments before winter. Significant differences among the treatments are indicated by different letters at P \< 0.05.](fpls-10-01261-g002){#f2}

![N concentration **(A)**, C concentration **(B)**, C/N ratio **(C)**, soluble sugar concentration **(D)**, and starch concentration **(E)** (mean ± SD) in the stem base of *Eichhornia crassipes* under different nutrient treatments before winter. Significant differences among the treatments are indicated by different letters at P \< 0.05.](fpls-10-01261-g003){#f3}

Microenvironment Temperature and Survival Traits During the Overwintering Stage {#s3_2}
-------------------------------------------------------------------------------

In winter, the temperatures of the microenvironments in which the stem bases of the plants located were different (question ii). The mean temperature and minimum temperature of the water around plants in the constant-water-level treatments were higher than the mean temperature and minimum temperature of the air near the plants in the water-drawdown treatments ([**Table 1**](#T1){ref-type="table"}). In contrast, the maximum temperatures were higher in the latter treatments. In the constant-water-level treatments, the mean temperature and minimum temperature in the high-nutrient treatment were higher than those in the low-nutrient treatment ([**Table 1**](#T1){ref-type="table"}). In water-drawdown treatments, the mean temperature and minimum temperature under high nutrient level were lower than those under low nutrient level ([**Table 1**](#T1){ref-type="table"}).

###### 

Microenvironment temperature in winter. Significant differences among the treatments are indicated by different letters at *P* \< 0.05.

  Treatments                                 Temperature of air near plants (ºC)   Temperature of water around plants (ºC)                         
  ------------------------------------------ ------------------------------------- ----------------------------------------- ------ ------- ------ ------
  **Low nutrient + water drawdown**          6.41c                                 16.1                                      −2.8                  
  **Low nutrient + constant water level**                                                                                           8.09b   14.1   −1.2
  **High nutrient + water drawdown**         6.33d                                 17.1                                      −4.0                  
  **High nutrient + constant water level**                                                                                          8.10a   11.1   5.2

The final survival rate and total number of plants after overwintering were significantly affected by affected by nutrient level, water level, and their interaction ([**Table 2**](#T2){ref-type="table"}) (question iii). The high-nutrient treatments increased the survival rate and number of *E. crassipes* plants after overwintering ([**Table 2**](#T2){ref-type="table"}, [**Figures 4A, B**](#f4){ref-type="fig"}). Under the high-nutrient conditions, water drawdown in winter significantly decreased the survival rate and total number of *E. crassipes* plants after overwintering ([**Figures 4A, B**](#f4){ref-type="fig"}). *E. crassipes* in the high-nutrient and constant-water-level treatment exhibited the highest survival rate (4.71 ± 3.69%) and number of surviving plants (31 ± 25.84), which were markedly much higher than those in the other three treatments, and there were no significant differences in survival rate among the other three treatments. It is worth noting that all the plants died in the low-nutrient and constant-water-level treatment ([**Figures 4A, B**](#f4){ref-type="fig"}).

###### 

Effects of nutrient and water level in winter on survival rate and number of surviving plants of *Eichhornia crassipes* after winter (two-way ANOVA).

  Trait                        Nutrients   Water level   Nutrients × water level                      
  ---------------------------- ----------- ------------- ------------------------- --------- -------- -------------
  Survival rate                7.365       0.013\*       3.567                     0.074     14.280   0.001\*\*\*
  Number of surviving plants   13.560      0.001\*\*\*   7.327                     0.014\*   15.242   0.001\*\*\*

\*P \< 0.05; \*\*\*P \< 0.001

![Plant number **(A)** and survival rate **(B)** (mean ± SD) of *Eichhornia crassipes* in different treatments after winter. Significant differences among the treatments are indicated by different letters at P \< 0.05.](fpls-10-01261-g004){#f4}

Discussion {#s4}
==========

In our study, both nutrients in the water and water level affected the survival rate of *E. crassipes*. *E. crassipes* originated in the tropics, and the low temperature in winter limits its distribution in introduced regions. Previous studies have shown that survival, growth, and clonal integration in *E. crassipes* are limited by low temperatures ([@B32], [@B67]); therefore, increasing the temperature in winter can increase the survival rate of *E. crassipes* ([@B74]; [@B34]). In China, the Yangtze River basin occurs at the northern margin (32°N) of the distribution of *E. crassipes*. Although *E. crassipes* can grow and blossom in summer at higher latitudes, it cannot naturally survive in winter in China ([@B33]). Similarly, *E. crassipes* also cannot overwinter successfully in the Laurentian Great Lakes, although it can grow and produce seed in the summer in this area ([@B35]). The different treatments caused the stem bases of *E. crassipes* (overwintering organ) was exposed to different media, resulting them being subjected to different temperatures in winter. In our study, the covering of the stem bases with water can prevent direct damage from freezing and improve the overwintering temperature of the propagule. Therefore, the survival rate of*E. crassipes* in constant-water-level treatments was significantly higher. Previous studies also showed that water cover or sediment burial of stem bases facilitated the overwintering of *E. crassipes* ([@B44]; [@B74]).

Similar to water cover, the litter layer can also buffer the cold temperatures and protected organisms under litter from freezing damage during winter and can therefore improve the survival rate of the organisms ([@B17]). Litter may also protect seedlings from being killed by frost in early spring ([@B24]). Previous studies have found that litter cover can improve the survival rates of animals and plants ([@B64]; [@B29]; [@B39]). In high-nutrient environments, *E. crassipes* plants are taller and larger and can form dense, interlocking mats. In winter, the large number of withered leaves can form a thick litter layer in high-nutrient treatments. In contrast, in the low-nutrient treatments, the litter layer was absent because of the low population density and the small and sparse leaves of *E. crassipes*. The water temperature was higher in the high-nutrient treatments than in the low-nutrient treatments because of the protection of the litter layer in winter. Moreover, the litter cover can also prevent the axillary buds away from the freezing damage.

The *E. crassipes* in the high-nutrient environment also developed a high-quality overwintering organ. In our study, the biomass, length, and diameter of the stem base in the high-nutrient treatments were all higher than those in the low-nutrient treatments. Meanwhile, the N concentration of the stem base was also higher in high-nutrient treatments than in the low-nutrient treatments. More storage leads to more protective substances to survive stressful environments. Plants with more vegetative storage proteins have been shown to increase in response to short days and low temperatures, improving their winter survival rates ([@B6]; [@B4]). Biomass and stem base size can also affect overwintering in *E. crassipes*. [@B74] found that the overwintering survival rate of *E. crassipes* with large stem bases was much higher than that of plants with small stem bases. Although the starch concentrations of the stem base were similar in the high- and low-nutrient environments, the stem base in the high-nutrient environment still stored more starch, as the size of the stem base was larger. More carbohydrate reserves that make large stem bases are beneficial to the regrowth of new plants in the spring. Therefore, our study suggests that high levels of nutrients can improve the overwintering survival rate of *E. crassipes* in two ways: through the production of a thicker litter layer and the storage of more protective substances stored in the stem base.

The high nutrient level not only improved the overwintering survival rate of *E. crassipes* but also increased the performance of *E. crassipes*. In our experiments, the population density of *E. crassipes* in the eutrophic water increased to more than six times than that in the low-nutrient water. The individual biomass in the eutrophic water was 2.4 times that in the low-nutrient water. Our previous study found that, only at a high nutrient level, *E. crassipes* had a higher resource-use efficiency than the confamilial native aquatic plant *Monochoria vaginalis* ([@B18]). [@B75] also found that eutrophication further boosts the competitive advantages of water hyacinth over native plants and thus facilitates the invasion of this weed into water bodies. During the past 30 years in China, rapid urbanization, gross domestic product (GDP) increases, vast population growth, and living standard improvements have all produced domestic and industrial wastewater. Moreover, due to insufficient sewage treatment capacities, some of this wastewater is discharged, untreated, directly into rivers and lakes ([@B53]; [@B73]; [@B30]), which causes organic pollution and eutrophication in many water bodies and the replacement of grass-dominated ecosystems with algae-dominated ecosystems ([@B27]). Seventy-three percent of the major lakes in China have undergone severe eutrophication, and the area of eutrophication amounts to 11,632 km^2^ ([@B31]). Therefore, our results suggest that *E. crassipes* will spread to a wider area and cause worse effects under the background of intensified eutrophication and climate warming.

Many techniques have been used to control and eliminate the ecological and socio-economic impacts of *E. crassipes* ([@B61]). *Neochetina eichhorniae* and *Neochetina bruchi* are two commonly used weevil species from the plant's native range ([@B15]; [@B28]; [@B57]). *N. eichhorniae* was introduced into China to control *E. crassipes* in 1995 ([@B16]). However, the population of *N. eichhorniae* was limited due to low temperatures in the Yangtze River basin. Our study indicated that eliminating eutrophication and regulating the water level can control or even eradicate *E. crassipes* in the Yangtze River basin. The overwintering survival rate of *E. crassipes* in the low-nutrient treatment was less than 5%, even all plants died in the low-nutrient and constant-water-level treatment. [@B40] also considered broad-scale nutrient reduction plans as the most sustainable solution for controlling *E. crassipes* outside of its native range. Even in water bodies with high nutrient levels, the overwintering survival rate of *E. crassipes* can be reduced by the water-drawdown treatment. Previous studies also found that drawdown can be used to manage aquatic vegetation ([@B41]; [@B13]).

In conclusion, our study found that high levels of nutrient not only increased the performance of *E. crassipes* but also improved the overwintering survival rate of *E. crassipes* by producing a thicker litter layer and more protective substances stored in the stem base in at the middle and lower reaches of the Yangtze River basin, which suggests that *E. crassipes* can invade higher latitudes under the trend of climate warming and water eutrophication, whereas exposing the stem base of *E. crassipes* to air of lower temperature by lowering the water level, which can reduce the survival rate of *E. crassipes* in winter. In addition, it also indicated that eliminating eutrophication and regulating the water level can control *E. crassipes* effectively in temperate regions and some subtropical regions.
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